Previous experimental work has shown degradation in the electrostatic discharge (ESD) failure voltage for silicon-on-insulator (SOl) devices compared to that of devices made from bulk silicon substrates. Understanding of this trend requires simulations of temperature fields in SOl devices using accurate thermal property values. The present work predicts the in-plane lattice thermal conductivity of thin silicon films at temperatures up to 1000 K considering the size effect due to phonon-boundary scattering. For silicon layers thinner than 0.2 p,m, a significant reduction in the thermal conductivity is expected even at temperatures as high as 700 K. A compact expression for the thermal conductivity of thin silicon films can be readily used in device simulations. Temperature field predictions for a simplified SOl device show the impact of the size effect and motivate discussion of its implications for ESD buffer design.
Introduction
The failure of semiconductor devices during electrostatic discharge (ESD) is closely related to the resulting temperature rise. 1 ) The current localization, which is believed to occur when the temperature rise in devices exceeds a critical value, leads to extremely high heat generation density and ultimately to failure.
2 ) The problem is more acute for SOl devices due to the low thermal conductivity of the buried silicon dioxide layer. 3 ) Careful circuit and layout designs are necessary to achieve acceptable failure threshold voltages, 4 l which can be greatly facilitated by accurate knowledge of temperature fields in the devices. Although heat conduction along thin silicon device layers plays a crucial role in determining the temperature rise in SOl devices, 5 l the high temperature thermal conductivity of thin silicon layers needed · for ESD simulations has received little attention.
In silicon, heat is transported predominantly by phonons, which are the energy quanta of lattice vibrations. When the mean free path of phonons becomes comparable with the thickness of a film, the thermal conductivity is reduced from the bulk value due to phononboundary scattering. The impact of this size effect on the thermal conductivity of thin silicon layers was studied in connection with the packing limit of SOl transistors at low temperatures, where the phonon mean free path can be on the order of a few micrometer and the size effect is more pronounced. s) Recently, there also were measurements of the in-plane thermal conductivity of sub-micrometer thick silicon layers at and below room temperature?) Corresponding study on the high temperature thermal conductivity of thin silicon layers has not been reported. This size effect is expected to be augmented by the highly dispersive nature of the phonon spectrum in silicon.
In this manuscript, we use an existing thermal conductivity model of silicon to predict the in-plane thermal conductivity of thin silicon layers. A compact expression derived from a simplified analysis is also given, which can be readily incorporated into device simulations. Temperature field predictions for a simplified SOl device show the impact of the size effect and motivate the discussion of its implication for ESD buffer design.
Thermal Conductivity of Thin Silicon Layers
Detailed theoretical study of the thermal conductivity of bulk silicon has considered the nonlinear phonon dispersion relations. 8 • 9 ) The theory yielded a thermal conductivity integral, which summed the contribution to thermal conductivity from phonons of all available frequencies. Anharmonic interactions among lattice waves and crystal defects are the main sources of thermal resistance in bulk silicon at high temperatures. The theoretical model of Holland, 8 ) which is used in this study, reproduced.the experimental data up to 1200 K, which is near the melting point of silicon. The size effect can be considered using a solution to the Boltzmann transport equation, which relates the in-plane conductivity of a thin film to that of a bulk material. 10 ) The energy dependence of phonon scattering and phonon dispersion can be considered together with the size effect by incorporating the Boltzmann equation solution into the bulk silicon thermal conductivity model. Figure 1 shows the ratio between the predicted values of the thermal conductivity of silicon films, kfilm, and the bulk values, kbulk> as a function of temperature for several different silicon film thicknesses. Diffuse scattering of phonons at interfaces between silicon and silicon dioxide layers is assumed. This is justified by the fact that the dominant phonon wavelength is comparable to one nanometer, which is comparable to the characteristic roughness of the interface, and also by the fact that those phonons transmitted into amorphous silicon dioxide layers are diffusely re-emitted after undergoing scattering within the silicon dioxide layers. Recommended values of Touloukian et al. 11 ) are used for the high temperature thermal conductivity of bulk silicon. As temperature increases, the bulk mean free path of phonons becomes smaller, diminishing the relative impact of the size effect. The reduction in the thermal conductivity, however, is significant even at relatively high temperature
